Dyslipidemia and hyperglycemia are integral components of the metabolic perturbations in type 2 diabetes. Apolipoprotein E-deficient (apoE 2 /2 ) mice develop severe hyperlipidemia and significant hyperglycemia when fed a western diet containing 21% fat (w/w), 0.15% cholesterol and 19.5% casein. Using an intercross between C57BL/6J (B6) and C3H/HeJ (C3H) apoE 2/2 mice, we performed quantitative trait locus (QTL) analysis to identify loci contributing to hyperglycemia and associated traits. Fasting plasma levels of glucose, insulin and serum amyloid-P (SAP) and body weight in 234 female F2 mice were measured after being fed the western diet for 12 weeks. QTL analysis revealed one significant QTL, named Bglu3 [95.8 cM, logarithm of odds ratio (OR)(LOD) 4.1], on chromosome 1 and a suggestive QTL on chromosome 9 (38 cM, LOD 2.3) that influenced plasma glucose levels. Bglu3 coincided with loci on distal chromosomal 1 that had a major influence on plasma SAP levels and body weight. Significant correlations between plasma glucose, SAP and body weight were observed in F2 mice. Thus, these results demonstrate genetic linkages of hyperglycemia and body weight with SAP, a marker of the acute-phase response, in hyperlipidemic apoE 2/2 mice and suggest a probability for the Sap gene to be a positional candidate of Bglu3.
INTRODUCTION
Type 2 diabetes, which accounts for .90% of diabetic patients, is a multi-factorial, heterogeneous group of disorders, resulting from defects in insulin secretion, insulin action or both (1) . The morbidity of this disease has increased significantly over the last 20 years due to changes in nutrition and physical activity (2) . Although environmental factors such as high-calorie diet and lack of exercise play a role in type 2 diabetes, genetic factors are a major determinant for the development of the disorders (1, 3) . Only a small subset of diabetes cases are caused by monogenic mutants that are observable as Mendelian traits segregating in families. These mutations have been identified, which include the insulin receptor (4), hepatocyte nuclear factor 4a (HNF4A) (5) , leptin receptor (6) , carboxypeptidase E (7), 1-acylglycerol-3-phosphate-O-acetyltransferase (AGPAT2) (8) , peroxisome proliferator activated receptor g (PPARG) (9) and the serine/threonine kinase gene AKT2 (10) . However, because the common forms of diabetes involve many genes and exhibit significant gene -environment interactions, genetic influences have been difficult to elucidate and identification of genes involved has not been easily achieved in humans (1) . The use of mouse models of diabetes overcomes some of the limitations of human genetic studies. Genetic heterogeneity is reduced through the use of inbred strains, and environmental variation can be minimized by using standardized housing conditions and diet. Through the use of mouse models, several quantitative trait loci (QTLs) associated with glucose homeostasis and intolerance have been identified (11 -13) .
Anomalies in lipid metabolism or dyslipidemia often precede or accompany type 2 diabetes in humans. Hypertriglyceridemia is the most commonly observed form of dyslipidaemia and has been implicated as a contributing factor to # The Author 2006. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org diabetes or the development of diabetic complications (14) . One commonly used mouse model of dyslipidemia is apolipoprotein E-deficient (apoE 2/2 ) mice. Plasma cholesterol levels in apoE 2/2 mice are 400 mg/dl on a regular rodent diet and are dramatically elevated by feeding a high-fat diet, close to 1000 mg/dl (15) . We and others have reported that genetic backgrounds have a dramatic influence on plasma lipid levels of apoE 2/2 mice (15-17). Indeed, C3H.apoE
mice exhibit significant increases in plasma cholesterol and triglyceride levels compared with B6.apoE 2/2 mice on a western diet. In the present study, we observed that apoE 2/2 mice developed significant hyperglycemia on the western-type diet containing 21% fat (w/w), 0.15% cholesterol and 19.5% casein. Using an intercross between B6.apoE 2/2 and C3H.apoE 2/2 strains, we performed linkage analysis to search for genetic loci that contributed to hyperglycemia and associated traits.
RESULTS
Plasma levels of lipids, glucose, insulin and serum amyloid-P and body weight in parental and F1 strains Female B6.apoE 2/2 and C3H.apoE 2/2 mice as well as their female F1s developed severe hyperlipidemia on the western diet (Table 1) . When compared with B6.apoE 2/2 mice, C3H.apoE 2/2 mice exhibited significant increases in plasma levels of total cholesterol (1087.0 + 131.1 versus 898.0 + 81.3 mg/dl, P ¼ 0.011), high density lipoprotein (HDL) cholesterol (119.0 + 36.6 versus 23.0 + 13.4 mg/dl, P ¼ 0.00008) and triglyceride (105.0 + 41.9 versus 22.3 + 8.1 mg/dl, P ¼ 0.00089). Interestingly, both strains developed significant hyperglycemia with fasting plasma glucose levels of 300 mg/dl. C3H mice showed slightly higher plasma levels of glucose and insulin than B6 mice, although the differences did not reach statistical significance (P . 0.05). Plasma serum amyloid-P (SAP) levels were 2-fold as high in C3H.apoE ). In general, F1s had the phenotypes that were slightly lower than or similar to their C3H parent, except for HDL, glucose and insulin that were more comparable to their B6 parent.
Relationship between plasma glucose and insulin levels in F2 mice
The relationship between plasma glucose and insulin levels of F2 mice on the western diet was analyzed by linear regression analysis. As shown in Figure 1 , plasma insulin levels rose slightly with increasing plasma glucose levels. The correlation between the two traits was statistically significant in the F2 population (R ¼ 0.24, P ¼ 0.0008).
Loci on distal chromosome 1 accounting for major variations in plasma levels of glucose and SAP and in body weight Genome-wide scans for single QTL using the R/qtl program revealed that loci on distal chromosome 1 were responsible for the major variations in plasma levels of glucose and SAP and in body weight of the F2 cross (Fig. 2) . Details of the suggestive and significant QTLs defined by permutation tests, including peak marker locus, logarithm of odds ratio (OR)(LOD) score, support interval (SI), variance, P-value, allele conferring the trait, overlapping QTL reported previously and candidate genes for each QTL are summarized Figure 1 . The relationship between plasma insulin and glucose levels in 234 female F2 mice-derived B6.apoE 2/2 and C3H.apoE 2/2 strains analyzed by linear regression analysis. The F2 mice were fed a western diet for 12 weeks. Each point represents an individual value of an F2 mouse. The correlation coefficient (R) and significance (P) are shown in the figure. Data are presented as the means + SDs. The number of mice used for the tests is provided in the brackets. The P-values were generated by the Student's t-test to show differences between B6.apoE 2/ 2 and C3H.apoE 2/ 2 mice in each trait. Figure 2 . Genome-wide analyses for main effect loci affecting plasma glucose levels (A), body weight (B), SAP component (C) and plasma insulin levels (D) of female F2 mice between B6.apoE 2/ 2 and C3H.apoE 2/ 2 mice using the R/qtl program. Two hundred and thirty-four female F2 mice were fed the western diet for 12 weeks and typed for genetic markers spanning the genome and for the phenotypes. Chromosomes 1 through X are represented numerically on the X-axis. The relative width of the space allotted for each chromosome reflects the relative length of each chromosome. The Y-axis represents the LOD score.
in Table 2 . LOD score plots for chromosome 1 using the interval mapping function of MapManager QTXb20 showed colocalization of QTL peaks for glucose, SAP and body weight at marker D1Mit206 (95.8 cM) (Fig. 3A) . This locus influenced glucose and body weight in a dominant manner from the C3H allele but modulated SAP in an additive manner (Fig. 3B ). For glucose, this QTL had an LOD score of 4.1 and accounted for 22% of the variance in plasma glucose levels of the cross (Table 2 ). We designated this QTL for glucose as Bglu3 in keeping with the previous nomenclature for fasting blood glucose loci in the mouse (18) . For SAP, this locus had an LOD score of 9.2 and explained 66% of the variance. This locus overlaps with Sap, which was identified in two sets of recombinant inbred strains B Â D and B Â H (19) . For body weight, the LOD score graph revealed two peaks with the distal peak near marker D1Mit206 (LOD 8.3) and the proximal peak near marker D1Mit425 (81.6 cM, LOD 9.0). Because the two peaks were not overlapping in the SIs (Table 2) , they were considered as two separate QTLs. The proximal peak overlaps with the QTL Bw17, which was mapped to distal chromosome 1 at 75 cM with the use of recombinant inbred strains derived from SM/J and A/J mice (20) . The distal peak overlaps with QTL Bw8q1, which was mapped to distal chromosome 1 at 100 cM in a B6 Â A/J F2 cross (21) .
Other loci for plasma glucose levels and body weight
For glucose, a locus on chromosome 9 peaked at marker D9Mit260 (38 cM) had a suggestive LOD score of 2.3 ( Table 2 ). This locus accounted for 4% of the variance in plasma glucose levels of the cross, and the C3H allele was responsible for increased glucose levels. For body weight, a locus near marker D17Mit180 (29.4 cM) on chromosome 17 gave a significant LOD score of 3.4 ( Table 2 ). The C3H allele contributed to its dominant effect on body weight. A QTL, Wt3q3, for body weight has been identified in this region in a MH Â B6 F2 intercross (22) . We also found two suggestive loci for body weight near marker D4Mit251 (LOD 2.7, 66 cM) and marker D14Mit185 (LOD 2.2, 54 cM). Both loci colocalized with previously reported QTLs Bw7 and Bwnd2wk7, respectively (23, 24) .
QTL controlling plasma insulin levels
The genome-wide scan for plasma insulin levels is shown in Figure 2D . One suggestive locus with an LOD score of 2.7 was detected at D9Mit207 (33 cM) on chromosome 9 ( Table 2) . A dominant B6 allele was responsible for lower insulin levels in that the F2 mice with the heterozygous BC genotype at D9Mit207 had an insulin level comparable to mice with the homozygous BB genotype but lower than mice homozygous in the CC genotype (Fig. 3B) .
Relationships between plasma glucose, SAP and body weight
The relationships of plasma SAP levels with hyperglycemia and body weight were determined in the F2 mice. F2 mice Pla2g7 ( Variance (%) indicated the percentage of the total phenotypic variance detected in the F2 cohort, which was generated using the interval mapping function of MapManager QTXb20.
e P emp , empirically determined P-value for the whole genome, was calculated using the permutation test function of MapManager QTXb20. with higher plasma SAP levels tended to have higher plasma glucose levels (R ¼ 0.26; P ¼ 1.77 Â 10 24 ) and larger body weight (R ¼ 0.32; P ¼ 1.43 Â 10 26 ) (Fig. 4A and B) . In addition, we found that F2 mice with higher plasma glucose levels had larger body weight (R ¼ 0.31; P ¼ 2.26 Â 10 26 ) (Fig. 4C) .
DISCUSSION
In the present study, we observed that B6.apoE 2/2 and C3H.apoE 2/2 mice developed severe hyperlipidemia and significant hyperglycemia when fed a western diet for 12 weeks. In female mice from an intercross between the two apoE 2/2 Figure 3 . (A) Detailed LOD score plots for plasma glucose, SAP and body weight on chromosome 1. The X-axis depicts the marker positions in centimorgans, and the Y-axis depicts LOD scores. Plots were obtained by using the interval mapping function of MapManager QTXb20. (B) The allele effect at peak marker D1Mit206 on plasma glucose, SAP and body weight, respectively, and the allele effect at marker D9Mit207 on plasma insulin levels of the F2 mice. BB, CC and BC designate F2 mice homozygous for the B6 allele, C3H allele and heterozygous at the marker locus, respectively. Values are expressed as means + SDs of F2 mice with a particular genotype at the designated locus. P-values are shown in the figure. strains, we identified a major QTL influencing plasma glucose levels, which coincided with QTLs on distal chromosomal 1 that had a major influence on plasma SAP levels and body weight. Moreover, we observed significant correlations between plasma glucose, SAP and body weight in the F2 population. ApoE 2/2 mice are a commonly used model for experimental atherosclerosis research. Although these mice had a fasting plasma glucose level of 149-187 mg/dl on a regular rodent diet (data not shown), they developed severe hyperglycemia on the western diet with a fasting plasma glucose level of 300 mg/dl. Despite such high glucose levels, these mice did not develop obvious insulin resistance on the western diet because a positive correlation still existed between plasma insulin and glucose levels in the F2 population (Fig. 1) . In a specific case of diabetes, Schreyer et al. (25) . have also observed that apoE 2/2 mice do not develop insulin resistance when fed a diabetogenic diet. In contrast, in humans, severe hyperglycemia is often accompanied by insulin resistance. In this regard, apoE 2/2 mice appear to be quite different from humans in the energy metabolism.
In the present study, we identified a significant QTL and a suggestive QTL that influenced plasma glucose levels of the F2 cross. The QTL on chromosome 1 with a peak at D1Mit206 (95.8 cM) accounted for 22% of the variance in plasma glucose levels of the population. We have designated this QTL as Bglu3 in consistent with the nomenclature for fasting blood glucose QTL in the mouse. In a recent study of a C57BL/6J Â KK-A F2 cross, Suto and Sekikawa (26) have identified a suggestive locus at D1Mit150 (100 cM) on chromosome 1 for fasting glucose levels. These two loci appear to be identical because the recessive B6-derived alleles confer lower glucose concentrations at both D1Mit150 and D1Mit206 and the SIs of the loci are overlapping. Syntenic analysis between mouse and human has indicated that the chromosomal region from 86 to 102 cM spanned by Bglu3 in the mouse is homologous to the chromosomal region of 1q21 -q23 in humans. In humans, plasma glucose has been linked to chromosome 1q21-q23 in several populations, including Chinese (27) , Utah Caucasians (28), French Caucasians (29), British Caucasians (30) and Pima Indians (31) . We also identified a suggestive QTL with a peak at 38 cM on chromosome 9 influencing plasma glucose levels. The C3H allele was responsible for increased glucose levels in the cross. This QTL has not been reported previously.
Although five QTLs were detected to contribute to the variation in body weight of the F2 cross, two adjacent loci on distal chromosome 1 explained 40 and 34% of the variance, respectively. The LOD score plot of chromosome 1 for body weight shows two distinct peaks with two disparate SIs, indicating the existence of two separate loci for this trait on the chromosome. QTLs for body weight on distal chromosome 1 have been reported previously in several different crosses (20 -22,24) , but the association of body weight with either plasma glucose or SAP has not been examined. In this study, we have observed that the distal QTL for body weight on chromosome 1 colocalized with the QTLs for plasma glucose and SAP. The colocalization of QTL peaks for body weight, plasma glucose and SAP suggests a possibility that these three types of traits are controlled by the same locus. The present finding that both plasma glucose and body weight show a dominant C3H allele effect for increased levels supports this possibility. The Sap gene (94.2 cM) appears to be a positional candidate gene responsible for the variations in plasma glucose, SAP and body weight. Sequence analysis of Sap cDNA from several inbred strains, including B6 and C3H mice, has revealed a number of nucleotide substitutions (32) . This study of F2 mice indicated that elevated plasma SAP levels were significantly associated with increases in plasma glucose and body weight (Fig. 4) . SAP is a major acute-phase reactant in mice (33) , and it is a molecular homolog of C-reactive protein (CRP) in humans (34) . Recent studies have suggested a role for CRP in the development of type 2 diabetes (35, 36) . Type 2 diabetes patients have an increased serum level of acute-phase response markers, including CRP (37) . Polymorphisms in the promoter region of CRP have been found to be associated with the incident of type 2 diabetes in Pima Indians (38) .
Apoa2 (92.6 cM), encoding apolipoprotein AII, is another positional candidate gene on chromosome 1 that may contribute to the variations in plasma glucose and body weight. Sequence analysis of Apoa2 cDNA from several inbred strains, including B6 and C3H mice, has revealed a number of nucleotide substitutions (39) . Interestingly, Apoa2 transgenic mice exhibit several traits associated with type 2 diabetes, including glucose intolerance, insulin resistance, hypertriglyceridemia and obesity (40, 41) . In humans, the location of the Apoa2 gene is in chromosome 1q23, a region that is associated with familial combined hyperlipidemia, insulin resistance and type 2 diabetes mellitus (42) .
In the present study, we observed that the C3H parental strain had 2-fold higher plasma SAP levels than the B6 parental strain on the western diet. However, the high SAP level of C3H mice may not indicate a more general inflammation in the organs such as the liver, pancrease or the kidneys induced by feeding of the western diet. Indeed, C3H mice have a higher SAP level than B6 mice even on a regular rodent diet (19) and this strain has been shown to be less responsive to high-fat diet than B6 mice with regard to induction of inflammatory genes in the liver and non-vascular tissues (43, 44) . Nevertheless, functional studies are required to confirm that SAP is the gene responsible for elevated plasma glucose and body weight from the C3H allele.
Pickup et al. (37) . first reported that the circulating levels of acute-phase response proteins predict the development of type 2 diabetes in a middle-aged population. This finding has been subsequently confirmed in several other populations (35, 36) .
Our present study has provided direct experimental evidence for the genetic linkage of hyperglycemia with SAP, a marker of the acute-phase response. Because the acute-phase response, featured by elevations in acute-phase reactants like SAP, is an indicator of ongoing low-grade inflammation (45), our current findings support the concept that inflammation contributes to the pathogenesis of type 2 diabetes (46). However, there is a possibility that a different linked gene may contribute to the phenotype and that the observed association might be a secondary one resulting from linkage disequilibrium. It is also noteworthy that the lipoprotein and energy metabolisms of apoE 2/2 mice are quite different from those of humans. Thus, results obtained from the mice may not necessarily reflect human conditions. Also, apoE 2/2 mice have renal injury (47) , which may alter hyperglycemia and plasma SAP levels.
MATERIALS AND METHODS

Mice
Female B6.apoE 2/2 mice at the N10 backcross, constructed from B6;129.apoE 2/2 mice (48), were purchased from The Jackson Laboratories, Bar Harbor, ME, USA, and C3H.apoE 2/2 mice were generated in our laboratory by initially crossing female B6.apoE 2/2 mice with male C3H/ HeJ mice, followed by 12 sequential back-crossings with male C3H/HeJ mice. Male C3H.apoE 2/2 mice were crossed with female B6.apoE 2/2 mice to generate F1 hybrids, which were subsequently intercrossed by brother -sister mating to generate 234 female F2 progeny. Mice were weaned onto a regular rodent chow diet at 3 weeks of age. At the age of 6 weeks, F2 mice were started on the Western diet containing 21% (w/w) butterfat, 0.15% (w/w) cholesterol and 19.5% casein without sodium cholate (42% of calories from fat, 15% from protein and 43% from carbohydrate; Harlan Teklad Adjusted Calories TD 88137) and maintained on the diet for 12 weeks. All procedures were carried out in accordance with the current National Institutes of Health guidelines and approved by the Institutional Animal Care and Use Committee.
Measurements of plasma lipids, glucose, insulin and SAP
Mice were fasted overnight before being sacrificed, and blood was collected by retro-orbital venous plexus puncture with the animals under isoflurane anesthesia. Plasma total cholesterol and triglyceride levels were determined by using the Thermo DMA (Louisville, CO, USA) cholesterol and triglyceride kits, which were adapted for a micro-plate assay (49) . Briefly, 6ml of plasma samples (for cholesterol measurements, plasma was diluted 1:5 in distilled water), lipid standards and controls were loaded in a 96-well plate and then mixed with 150 ml of cholesterol or triglyceride reagents. After a 5 min incubation at 378C, the absorbance at 500 nm was read on a Molecular Devices (Menlo Park, CA, USA) plate reader. HDL cholesterol levels were determined after precipitation of very low density lipoprotein (LDL) and LDL cholesterol fractions with a precipitating reagent provided by the company. Plasma glucose was measured with a Sigma glucose (HK) assay kit. Insulin was measured by a commercially available ultra-sensitive mouse ELISA kit from Mercodia (Uppsala, Sweden). Plasma SAP was measured by a commercially available ELISA kit purchased from the Immunology Consultants Laboratory, Inc. (Newberg, OR, USA).
Genotyping
Genomic DNA was isolated from the tail of mice by using the standard phenol/chloroform extraction and ethanol precipitation method. A total of 134 microsatellite markers distinguishing strain B6 from strain C3H and covering all 19 autosomes and the X chromosome at an average interval of 12 cM were used to detect simple sequence length polymorphism of all F2 mice to identify which of the two parental strains contributed to alleles at a specific locus of each animal by PCR analysis. Parental and F1 DNA served as controls for each marker.
Statistical analysis
A complete linkage map for all chromosomes was constructed from phenotype and genotype data by using the R/qtl program (http://www.biostat.jhsph.edu/kbroman/software) (50) , and the MapManager QTXb20 software (http://mapmgr. roswellpark.org/), which provides the best estimate for the presence of QTLs and their positions within marker intervals, was used for both marker regression and interval mapping analyses (51) . A likelihood ratio statistic (LRS) was generated by QTX to define the significance of the association of a genetic marker with a trait. LOD scores were calculated by dividing LRS by 4.6. One thousand permutations of the trait values were used to define the genome-wide LOD score threshold required to be significant or suggestive for each specific trait (52) . Loci that exceeded the 95th percentile of the permutation distribution were defined as significant (P , 0.05) and those exceeding the 37th percentile were suggestive (P , 0.63) according to the criteria recommended by the genetics community in 2003 (53) . The SI for each QTL was determined using a 1-LOD drop from the QTL peak. The allele effect of each QTL was determined by the regression analysis, which gives a better indication than ANOVA of which model, either additive (three groups) or dominant (two groups), to choose based on the R-values. ANOVA was used for determining whether the mean phenotype values of progeny with different genotypes at a specific marker were significantly different. Linear regression analysis was performed to assess the association of various traits. Differences were considered statistically significant at P , 0.05.
